Abstract. Using the Planetary Nebula Spectrograph, we have observed and measured the velocities for 2764 PNe in the disk and halo of the Andromeda galaxy. Preliminary analysis using a basic ring model shows a rotation curve in good agreement with that obtained from Hi data out to ∼ 20 kpc. Some substructure has also been detected within the velocity field, which can be modeled as the continuation of the tidal-remnant known as the Southern Stream, as it passes through Andromeda's disk.
Introduction
The Andromeda galaxy, the nearest large spiral galaxy (D ∼ 770 kpc), provides a unique observational target. M31's size and proximity allow surface structures to be resolved and studied in unprecedented detail. However, due to its large angular size, until now it has not been practical to perform a large survey of M31's stellar disk dynamics. Previous dynamical studies have either measured gas in the disk (e.g. Hi [2] and Hii [10] ) or tracer populations in the halo (e.g. globular clusters [8] ; and RGB stars [9] and [4] ).
With the commissioning of the Planetary Nebula Spectrograph (PN.S) at the William Herschel Telescope in La Palma, it has become possible to perform such a survey. Nine nights of observations (13 allocated) with the PN.S and 6 nights surveying the halo with the Wide Field Camera on the Isaac Newton Telescope have led to a preliminary catalogue of 2764 PNe, delving ∼ 4.5 magnitudes into the PN luminosity function, extending ∼ 2.5
• along the major axis, ∼ 1.5
• along the minor axis, and covering various elements of substructure in the halo's stellar population density, such as the Southern Stream and Northern Spur [3] . 
Rotation
A raw rotation curve for the PN.S data has been extracted by averaging PN velocities using a flat ring model (10 concentric rings of width 3.36 kpc), where PNe are assumed to lie in a thin disk and move on circular orbits. The PNe within a ring are weighted according to their angular distance from the major axis (φ) and those that are closer to the minor axis than the major axis are omitted, as are PNe close to identified external objects. A 3σ-clipping routine has been used to eliminate PNe with discrepant velocities, such as halo, foreground or background contaminants.
As the Andromeda galaxy is highly inclined (i = 77
• ) a correction to the raw rotation velocities must be made to account for the line-of-sight integration through the disk. This tends to reduce the observed velocities, V φ obs , with respect to the rotation velocity, V φ , by a factor f (R ′ , z ′ , i), where the parameters are as shown in Fig.1 , and
where
Here, ν is the number density of PNe, and the primed quantities have been defined in units of the photometric disk scale length, r 0 , i.e.
can be found by combining (2), the geometrical relations in Fig.1 and the expression
which assumes that the disk is exponentially declining both radially and perpendicularly to the plane, and z 0 is the disk scale height. A somewhat more significant correction is that of the asymmetric drift, which accounts for the fact that not all PNe are moving on circular orbits. The difference between the true circular rotation velocity, V c , and V φ , or asymmetric drift, is related to the velocity dispersion. A correction for this has been performed using the method in [7] , whereby it is assumed that In order to perform this correction the velocity dispersion has been fitted as an exponential function of the form σ φ = σ 0 e −r/2r0 . The dynamical scale length has been set to twice the photometric value to maintain a constant disk scale height with radius [1] .
The fully corrected rotation curve is shown in Fig.2 , alongside the averaged Hi rotation curve given in [11] . With the exception of the first data point (where a number of bulge PNe are likely to be present and hence the asymmetric drift correction breaks down) it is clear that the PN.S data are in very good agreement with the Hi rotation curve and are of very high quality out to ∼ 20 kpc. Beyond this point there is marginal evidence that the PN rotation curve drops to a lower velocity than is seen in the Hi data. However, there are very few PNe per ring beyond 20 kpc and we may simply be seeing halo contamination. Figure 2 also shows a three component model fit to the PN data from all but the first ring. This shows that the PN rotation curve just reaches a radius where the dark matter halo becomes dominant.
PNe in Halo Structures
A number of PNe from this survey lie in the region of the Northern Spur (circles, Fig.3a) , an over-density of stars in Andromeda's halo [3] . This over-density is also seen in the PNe counts (similarly positioned halo fields in the opposite quadrant have 1 or 2 PNe, while Northern Spur fields contain up to ∼ 6). These planetaries have velocities similar to the maximum observed rotation velocities in the disk (circles, Fig.3b ). This would suggest that the Northern Spur is not a kinematically distinct substructure, but in fact forms part of the disk, implying that the stellar disk must be severely warped. PNe in the region of the Southern Stream [3] have also been targeted by this survey (squares, Figs.3a) . Those PNe with velocities below -130 kms −1 seem to form a coherent kinematic structure (squares, Fig.3b ).
Substructure in the Velocity Field
Clearly a number of PNe in the sample have velocities which imply that they are not just normal disk PNe. One such population has been identified whereby the PNe lie below a line for which there is no equivalent population in the opposite side of the disk (triangles, Fig.3b) .
These PNe have a low dispersion (∼ 23 kms −1 , including an instrumental dispersion of ∼ 15-20 kms −1 ) about a straight line fit. Such low dispersions are indicative of tidal streams. We therefore propose that these PNe are associated with a continuation of the Southern Stream as it passes into the disk of M31, where it can no longer be tracked via photometric methods (see also [6] ).
The locations of the unusual PNe suggest a tidal stream lying almost straight along the major axis. We have therefore generated a simple orbit model (shown in Figs.3b, c and d ) using a flattened singular isothermal potential, Φ(R, z) = where R and z are polar coordinates aligned with M31's disk plane; v c is set to the upper envelope of PNe velocities (250 kms −1 ); and a value of q = 0.9 is adopted for the flattening. The orbit has been set to fall in along the path defined in [5] (Fig.3d) , and turn into the disk. This orbit agrees reasonably well with the velocities of RGB stars in the Southern Stream region [4] and clearly picks up the unusual PN velocities we have detected.
The change in projection angle seen in Fig.3d between the orbit's entry into the disk and as it moves across the disk, can explain the significantly higher number of Stream PNe seen in the disk portion of the orbit (15 PNe) compared to the southern region (probably ∼ 5).
Conclusion
We have mapped the dynamics of the Andromeda galaxy's planetary nebula system for PNe some 4.5 mags into the luminosity function. From this we have constructed a stellar rotation curve which agrees well with the Hi data. A simple three component model has been fit to the PN data out to the realm where the dark halo becomes dominant. It is important to measure this using the stellar population, as there can be no ambiguity as to the nature of the force producing the rotation-unlike gas, stars are subject only to gravitational forces.
Velocities have been measured for the halo structure known as the Northern Spur, supporting the hypothesis that it represents a severe warp in the stellar disk.
A number of PNe have been identified as forming a substructure within the velocity field. These have a very low velocity dispersion, suggesting they are part of a tidal stream. We have shown they can be modeled as a continuation of the Southern Stream as it turns into M31's disk where it would no longer be detectable via photometric methods.
